The propagation of mode I cracks in a three-dimensional icosahedral model quasicrystal has been studied by molecular dynamics techniques. In particular, the dependence on the plane structure and the influence of clusters have been investigated. Crack propagation was simulated in planes perpendicular to five-, two-and pseudo-twofold axes of the binary icosahedral model.
INTRODUCTION
Fracture of materials is ultimately caused by bond breaking processes on the atomic scale. However, the macroscopic geometry and the dimensions of the sample determine the stress concentration and therefore the strength of the loading at the crack tip. Thus, fracture is a multiscale phenomenon. To understand the breaking of the bonds on an atomic scale one has to perform numerical experiments, since experimental information on this length scale can hardly be obtained. In pure metals and simple intermetallic alloys, molecular dynamics studies have provided useful insight into crack propagation, whereas in complex metallic alloys the mechanisms are not yet so clear. The behaviour of quasicrystals is of special interest because they exhibit a plane structure on the one hand and clusters as building units on the other hand. These clusters are assumed to cause the experimentally observed roughness of fracture surfaces in icosahedral AlPdMn [1] . The main intention of this paper is to check by molecular dynamics simulations whether this assumption is reasonable. For this purpose the influence of the plane structure and the clusters on fracture surfaces has been investigated for different orientations and applied loads.
The load of the sample can be expressed by the stress intensity factor. In linear elastic continuum mechanics, a sharp mode I (opening mode) crack is characterised by a singular stress field and a corresponding displacement field, which both are proportional to the stress intensity factor K. This factor is proportional to the applied external load and contains the geometry of the sample. A simple energy based condition for crack propagation is the Griffith criterion. It states that a crack is in equilibrium when the change in mechanical energy per unit area of crack advance, the energy release rate G, equals the change in surface energy of the two fracture surfaces, 2γ. In continuum mechanics the energy release rate is proportional to the square of the stress intensity factor for a given mode. A crack then should start moving when the stress intensity factor exceeds the critical stress intensity factor, at the Griffith load K G . Atomistic studies show that cracks remain stable in a region around K G due to the discrete nature of the lattice. This effect is called lattice trapping [2] . A further consequence of the discrete lattice is that in the same plane the fracture behaviour can depend on the crack propagation direction [3] .
MODEL AND METHOD
The model quasicrystal used in the simulations was proposed by Henley and Elser as a structure model for the icosahedral phase of (Al,Zn)Mg [4] . As we do not distinguish between Al and Zn atoms, we term this decoration icosahedral binary model. It can be obtained by decorating the structure elements of the three-dimensional Penrose tiling, the oblate and the prolate rhombohedron (see left part of figure 1). Al and Zn atoms (A atoms) are placed on the vertices and the midpoints of the edges of the rhombohedra. In addition two Mg atoms (B atoms) divide the long body diagonal of each prolate rhombohedron in ratios τ:1:τ, where τ is the golden mean. Two prolate and two oblate rhombohedra with a common vertex form a rhombic dodecahedron (see left part of figure 1 ). The decoration of this new structure element is modified as shown in figure 1. Apart from the plane structure there are local formations of atoms -Bergman clusters (see right part of figure 1) -which may also be interpreted as building units of the quasicrystal.
With this simple three-dimensional model quasicrystal we performed numerical experiments on the propagation of mode I cracks. A and B atoms interact by Lennard-Jones potentials (see left part of figure 2). The shortest distance between two A atoms is denoted by r 0 . The diameter of a cluster then is 4r 0 . According to the Griffith criterion surfaces with low surface energy should be the most probable cleavage planes. To identify these planes we relax a specimen and split it into two regions. Subsequently, the two parts are shifted rigidly apart. The surface energy is then calculated from the difference of the energies of the artificially cleaved and the undisturbed specimen. Surfaces with lowest interface energy are located perpendicular to twoand fivefold axes (see right part of figure 2). For other directions the observed plane structure of low and high surface energies is less pronounced. Atomically sharp seed cracks were introduced at the positions of cleavage planes with the lowest surface energy. The system is initially strained to the Griffith load and relaxed. Then the cracks are further loaded by linear scaling of the displacement field. The overload is given by k, the stress intensity factor relative to the critical stress intensity factor. The outermost atomic layers of the simulation cell indicated in figure 3 are held fixed at the displacements. Periodic boundary conditions are applied along the crack front. The initial temperature is set to 10 -4 of the melting temperature T m . To prevent reflections from the borders of the sample the sound waves emitted by the propagating crack are damped away outside of an elliptical region [5] . To reduce the amount of data and to visualize only the relevant area around the fracture surfaces atoms are only displayed if their coordination number is smaller than a certain threshold (see figure 3 ). This value is set to 12 for the A atoms and to 14 for the B atoms. 
RESULTS
Simulations were performed for different orientations with loads in a range from k=1.1 to k=2. Each orientation is specified by the notation S C , where S is an S-fold axis perpendicular to the surface, and C is the direction of crack propagation along a C-fold axis (see left part of figure  4 ). Brittle fracture without any crack tip plasticity was observed irrespective of the orientation of the fracture plane. For loads below k=1.2, the crack propagates only a few atomic distances, and then stops. The minimal velocity for brittle crack propagation is about 10% of the shear wave velocity v s . For loads k≥1.2 the velocity increases monotonically with the applied load. The crack velocities are in a range of 10-45% of v s (see right part of figure 4) .
To analyse the morphology of the fracture planes, the height of the fracture surfaces is calculated via geometrical scanning as a function of the two lateral coordinates. Figure 5 shows such surface profiles for orientations perpendicular to a two-and a fivefold axis. The crack propagation direction is from the left to the right. The initial fracture surface is flat, as can be seen from the homogeneous regions on the left. The surfaces resulting from the propagation of the crack, however, show pronounced patterns of regions with different heights. The vertical roughness is of the order of the diameter of the clusters.
In addition an anisotropy with respect to the in-plane propagation direction of the crack is observed. For example, at low loads in planes of fivefold symmetry, ledges are produced by cracks moving along the pseudo-twofold direction (see figure 5 , middle), but not along the twofold direction (see figure 5, bottom) . The crack tip speed therefore differs for the two directions (see right part of figure 4) .
The intersection of a cluster by a fracture surface generates two cluster halves. In figure 6 only atoms of the smaller halves are displayed (this area is schematically shown in grey in the left bottom of figure 4) . It is obvious that the dynamic crack does not perfectly circumvent the clusters, but intersects them partially (right side of figure 6 ). These intersections, however, are much less pronounced than for the flat seed cracks (left side of figure 6 ). More detailed analyses for different orientations validate this statement.
The configurations generated by the dynamic cracks show about 5-15% higher surface energies than the samples cleaved artificially at the heights of the seed cracks. For the orientations perpendicular to a five-fold axis the crack deviates from the low energy cleavage plane to a parallel plane (see figure 5) , reducing the number of cluster intersections dramatically (see figure 6 ).
DISCUSSION
The results indicate that the roughness of the crack surfaces can be assigned to the clusters, whereas constant average heights of the fracture surfaces reflect the plane structure of the quasicrystal. The observed deviation from the proposed cleavage planes with lowest surface energy indicates that the distribution of the clusters is crucial for the fracture behaviour. Additionally we conclude that the cleavage planes cannot be predicted by a simple energy criterion. However, the three-dimensional quasicrystals give perfect cleavage fracture with no indication of any dislocation activity. This is in contrast to results on two-dimensional quasicrystals, which have shown some dislocation activity [6] but is not contradicting experimental observations. The resulting fracture surfaces resemble well those of cracked icosahedral AlPdMn monitored by scanning tunneling microscopy [1] . Thus our simulations produce the correct qualitative behaviour of crack propagation in icosahedral quasicrystals.
CONCLUSIONS
We have simulated crack propagation in an icosahedral model quasicrystal. Brittle fracture without any signature of dislocation emission is observed. The fracture surfaces are rough on the scale of the clusters and show constant average heights for orientations perpendicular to symmetry axes. Thus both the plane structure and the clusters seem to play an important role in dynamic fracture. A velocity gap for the crack velocities and an anisotropy with respect to the inplane propagation direction of the crack were found.
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